High-temperature pyrolysis experiments on solutions of free L-isoleucine were used to calculate a sedimentation rate of 0.42 cm per 1000 years for this core.
In this work we report data on the racemization of L-isoleucine in a suite of cores of deep ocean sediments; the ages of all samples analyzed are known independently. We offer here a mechanism to explain the observed kinetics of racemization, and we shall reinterpret existing data (5) in light of this mechanism.
The racemization of L-isoleucine produces D-alloisoleucine (6); because of their two adjacent asymmetric carbon atoms, these diastereomers have slightly different chemical properties and are resolvable in the standard ion-exchange procedure of amino acid analysis. Thus the measurement of the extent of racemization of isoleucine is comparatively simple. It has been shown (1, 2, 4, 5, 7) that isoleucine is one of the slowest amino acids to racemize, so it provides an index of the degree of racemization of other amino acids in a sample (8) .
We have analyzed the foraminifera fraction (> 74 /xm) rather than the gross sediment, the rationale being that the mineral test would be most resistant to contamination from outside sources. Samples are ultrasonically cleaned, washed, wet-sieved with distilled water, air-dried, and weighed. They are then dissolved in twice the stoichiometric amount of concentrated HC1, and a slight excess of acid is added to make the final solution 6N HCl. Hydrolysis is performed in sealed Pyrex test tubes under N2 for 22 hours at 110?C. Desalting techniques used Table 1 . Cores analyzed [see (22) for a discussion of dating by 230Th]. Cores V23-110 and V24-28 have only faunal analyses for their age determinations. Core V23-110 is judged to be about 2.0 X 106 years old at the core bottom (821 cm) on the basis of the presence of Globorotalia multicamerata, Sphaeroidinella dehiscens, and left-coiling Pulleniantina primalis at the 800-cm level, and the abundance of discoasters below 780 cm (26). Core V24-28 is entirely Upper Pleistocene in age, and faunal analyses and correlations with other cores indicate an age of about 400,000 years at the core bottom, 910 cm (27 cine ratio in these samples are given in where XA and XA are the characteristic rate constants of isoleucine (I) and alloisoleucine (A), respectively. Alloisoleucine is more abundant than isoleucine in the equilibrium mixture of the two diastereoisomers. The equilibrium ratio has been found to be between 1.25 and 1.40 in high-temperature heating experiments (1, 2, 7, 11) and in old fossils at normal environmental temperatures (1, 2). There is no definite evidence of a temperature dependence of this ratio, although a slight one might be expected (13) . We use a value of 1.25 for calculations here. Thus the ratio of the rate constants is fixed: XI/XA = 1.25. For the equation
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The quantity Xe is the equilibrium ratio of alloisoleucine to (alloisoleucine + isoleucine), or 1.25/(1.25 + 1.0) 0.556; X is the value of this ratio at time t (14) . If the data fit this model a straight line for the plot of the logarithm of (Xe-X)/Xe as a function of time would result; the data are plotted in Fig. 1 , and clearly such a straight-line relation does not exist. The plot is linear' to an alloisoleucine to isoleucine ratio of about 0.25 (approximately 400,000 years at these temperatures), and then the rate of racemization decreases rather abruptly. Similar conclusions can be drawn about racemization in fossil corals (3) and fossil Mercenaria (1, 2); the change in slope occurs at about 50,000 years at the higher temperatures. Contamination of older samples could give the curve this shape, but we feel that the major explanation for this nonlinearity comes from an understanding of the complexity of the diagenetic reactions that fossil amino acids undergo.
When the foraminifera are dissolved and the hydrolysis step is omitted, only free amino acids and small peptides are detected. In all cases, we observe that the alloisoleucine to isoleucine ratio is significantly higher in these free amino acids than in the total hydrolyzate (15). The free alloisoleucine to isoleucine ratio (Table 3) (17, 18) . Hydrolysis under these conditions does not produce completely racemic amino acids, however, and, once liberated, these free amino acids continue to racemize at their own characteristic rates. Laboratory pyrolysis experiments indicate that racemization in calcareous matrices can be inhibited by a deficiency of water (2), further suggesting the link between the hydrolysis and racemization mechanisms. These experiments also indicate that amino acids are leached from the fossil, so that the rate of removal of amino acids from the matrix will also affect the abundances of alloisoleucine and isoleucine in the fossil (19). The free amino acids leached from both corals and foraminifera have alloisoleucine to isoleucine ratios of 0.95 to 1.3 whereas the hydrolyzates of the material leached have alloisoleucine to isoleucine ratios nearly identical to the ratios found in the hydrolyzates of the residual sam- Fig. 1 , we conclude that rapid racemization during early diagenesis is a consequence of natural hydrolysis and the accumulation of nearly racemic free amino acids in the fossil. As indicated by the ratio of free amino acids to total amino acids, hydrolysis is not completed within 500,000 years at these temperatures; beyond this time, the rate of racemization is probably controlled by slow hydrolysis, continued racemization of free amino acids, and some racemization of bound amino acids. The exact mechanism of this latter process is somewhat obscure, but evidence that it occurs does exist (18). Presumably terminal amino acids would be free to racemize. Our data suggest that alloisoleucine is more abundant in the total (hydrolyzed) amino acids than in the free amino acid fraction, and earlier results (1, 2, 4) also suggest that racemization of amino acids does occur while they are.bound. A simple calculation of the alloisoleucine to isoleucine ratio in the "peptide" fraction Table 2 ). The fact that the alloisoleucine to isoleucine ratio for the free amino acids in the Lower Middle Miocene sample is somewhat higher than that for the total hydrolyzate suggests that true equilibrium has not been reached. The Paleocene sample is in equilibrium.
As the overall abundance of amino acids decreases, the potential effect of contamination increases. Contamination can obviously have the effect of indicating an "apparent" rate of racemization that is slower than the real rate (4, 20). Analyses of Eocene and Cretaceous samples (Table 2) indicate that "nonequilibrium" ratios can be found if the sample is not correctly prepared. The Eocene sample consisted mostly of small (<74 ,/m) particles that could not be ultrasonically cleaned because of the loss of starting material that is inherent to this procedure. The Cretaceous sample, however, was rich in coarse, well-preserved foram tests which could be subjected to the standard vigorous ultrasonic treatment. Two analyses of hydrolyzates of this sample showed alloisoleucine to isoleucine ratios of 1.33 and 1.35, whereas a third sample that was merely rinsed with H20 and dilute HC1 showed a ratio of 0.80. None of the Lamont cores examined here have been stored frozen, and contamination during storage could be responsible for some of the scatter in the data. Because our extrapolation is supported by the JOIDES data and because we are able to observe racemic mixtures in samples that have not been stored or prepared in an unusual manner we are confident that contamination during storage has not systematically affected the results. The fact that we do see the effects of contamination points out the difficulties of detecting racemic mixtures in samples that have been exposed to terrestrial processes (3, 4, 20, 21) .
The nonlinear kinetics and the initial rate of racemization that we have observed are not in agreement with the recent work of Bada et al. (5), and we will offer additional evidence that their data support the mechanism that we have discussed. They observed alloisoleucine to isoleucine ratios increasing monotonically to a value of 0.157 in the 500-cm depth of the core they examined, CH96-G12. An age of about 1.2 X 106 years was assigned to the bottom of the core (518 cm) on the basis of an extrapolation of the results of laboratory measurements of the rates of racemization of free isoleucine in buffered solutions at elevated temperatures (5). The alloisoleucine to isoleucine ratios were measured on hydrolyzates of total sediment samples. Our data show that the tima constant for the racemization of free isoleucine is not an alloisoleucine to isoleucine ratio of p2ptide-bound amino acids. We observe an alloisoleucine to isoleucine ratio of ment is not a simple process. The kinetics of racemization observed in hydrolyzates of fossil or sediment samples depend on a variety of time constants, none of which is easily evaluated. The rate of racemization of amino acids in both free and bound fractions, the rate of hydrolysis of peptide bonds, and the rates of diffusion of native or contaminating amino acids into or out of the system are all disguised in the simple mathematical expression of Eq. 2. Faced with the large number of parameters that can affect the apparent rate of racemization, we have chosen an entirely empirical approach and analyzed samples of known absolute age. In the present state of the art, reasonably reliable age estimates are available back to 400,000 years at deep-sea temperatures, and future work should concentrate on resolving the ambiguity of older samples. In any event, the use of racemization as a chronological tool will depend on a thorough understanding of the diagenetic reactions of amino acids in the particular system under study. 
